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ABSTRACT 
Effects of Controlled Atmosphere Storage on Quality 
and Certain Physiological Characteristics 
of Lettuce (Laotuoa sativa L. , 
Cul ti var "Great Lakes 11 ) 
by 
Christopher Chi-Chuen Yang, Master of Science 
Utah State University, 1971 
Thesis Director: Dr . B. Si ngh 
Major Professor: Dr . D. K. Salunkhe 
Department: Food Science and Industries 
Lettuce heads (Cultivar "Great Lakes") were stored in different 
concentrations of 02 and C0 2, including l percent 02 and l percent 
C0 2 , 2.5 percent 02 and 2. 5 percent C0 2, 5 percent 02 and 0 percent 
C0 2, and 5 percent 02 and 5 pe rcent C0 2; temperatures of 35 and 70 F; 
and with or without microbe- and senescence-inhibiting chemicals and 
packaging . The samples were taken on the twentieth and fortieth days 
in the first series of experiments; and in the subsequent experiments, 
on the fifteenth, thirtieth, forty-fifth, sixtieth, and seventy-fifth 
days of storage for quality evaluation, determination of rate of 
r espiration, and chemical analyses. 
The results indicated that lettuce could be stored at 35 F for at 
vii 
least 2 to 3 weeks . At this temperature, lettuce heads were still field 
fresh and bright green, without apparent sign of quality deterioration. 
At 70 F, none of the treatments could prolong the shelf-life of the 
lettuce more than l week . 
Lettuce heads maintained the best marketing quality when stored in 
atmospheres of 2. 5 percent 02 and 2. 5 percent C02 at 35 F for 60 days. 
Microbe- and senescence-inhibiting chemicals (Captan, Phaltan, Myco-
statin, and N6 -benzyladenine) had detrimental effects on the quality of 
lettuce stored in controlled atmosphere. 
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The reduction in russet spotting was the major benefit in controlled 
atmosphere storage at 35 F. In addition, the incidence of pink rib and 
butt discoloration was less than for those lettuce heads held in the 
conventional refrigerator . However, the hearts of the lettuce were 
sensitive to low 02 injury in controlled atmospheres consisting of 1 
percent 02 and l percent C0 2. 
Controlled atmosphere (2 05 percent 02, 2. 5 percent C0 2 ) and con-
trolled atmosphere combined with polyethylene packaging reduced the 
C0 2 production, degradation of chlorophyll, loss of total sugar, and 
starch . Phaltan (microbe inhibitor, 1 ,000 ppm) or Phaltan in combina-
tion with polyethylene packag i ng under controlled atmosphere storage 
had an adverse effect on the lettuce held in the conventional refrigera-
tor , In every case, the rate of resp i ration was in direct correlation 
with the sugar retention data . 
(53 pages) 
INTRODUCTION 
Lettuce is the most popular salad vegetable used in the United 
States " It is high in water and cellulose and low in protein and cal-
ories, as are other leafy vegetables . Lettuce is also a source of iron 
and calcium, as well as vitamins such as carotene, ascorbic acid, and 
B complex (MacGillivray, 1953; Jacobs, 1944) . 
Lettuce is easily deteriorated due to the activity of microorganisms 
and inadequate storage conditions after harvest. During storage, the 
physiochemical changes of the leaves include loss of moisture (Wittwer 
et al . , 1962), degradation of chlorophyll (Person, Samborski, and 
Forsyth, 1957), protein loss (Thimann and Manmohan, 1960), and subse-
quent appearance of senescence. These changes are inevitable and can 
only be minimized by rapid handling and the best possible storage condi-
tions (Pratt, Morris, and Tucker, 1954) . 
To prolong the storage life of fruits and vegetables, several 
methods have been employed . One of the methods is the use of controlled 
atmosphere (CA), consisting of higher C02 and lower 02 than normal air. 
This has been successfully used for several fresh vegetables and fruits . 
For example, russet spotting and the incidence of pink rib of lettuce 
were reduced in low-02 atmospheres (Lipton, 1967). The quality of 
peaches and nectarines stored in an atmosphere consisting of 1 percent 
02 and 5 percent C02 at 35 F was considerably better than that of fruits 
stored in air at 35 F (Anderson, Parsons, and Smith, 1969) . The presence 
of C0 2 in the storage atmosphere was an important factor in preventing 
chlorophyll degradation of green beans (Groeschel, Nelson, and Steinberg, 
1966) , In addition, CA samples were generally superior in flavor to the 
conventionally-refrigerated samples. Sucrose retention was higher in 
sugar beets stored in CA containing 6 percent C0 2 and 5 percent 02 than 
those in the refrigerator at 35 F (Karnik et al., 1970). 
The effect of CA on lettuce quality was evaluated by exposing the 
lettuce to modified atmospheres including increased levels of C02 (10, 
40, and 60 percent), reduced levels of 02 (15, 5, 2,5, and 1 percent), 
and combinations of both . All treatments were held in closed containers 
with the desired atmosphere for 2, 4, 8, and 12 days at 41 F and then 
compared with lettuce under storage of normal air for marketing quality 
(Watada, Morris, and Rappaport, 1964) . The effect of low-02 atmospheres 
(0, 0, 15, 0. 5, 1, 2, 5, 8, and 21 percent) on the lettuce was investi-
gated at temperatures of 36, 41, or 50 F (Lipton, 1967) . The atmospheres 
were maintained by a continuous flow of the appropriate mixtures of 02 
and N2 dispensed from high-pressure cylinders . Half of the lettuce of 
each set was then examined after 7 days and the remainder held 3 to 4 
days i n air at 50 F for examination . Concentrations of 0 and 0,15 
percent 02 injured the lettuce, with gray dead patches on the wrapper 
and cap leaves and dead young heart leaves . In addition, russet spotting 
was reduced in all low-0 2 atmospheres tested (Lipton, 1967). 
In the selection of packaging materials, cellulose acetate was con-
sidered the most promising film for prolonging shelf-life of straw-
berries and raspberries (Ayres and Denisen, 1958) . Other research 
results indicated the usefulness of polyethylene liners for certain 
varieties of apples, pears, and some other fruits (Hardenburg, Schomer, 
and Uota, 1958) . Polyethylene bags can extend the shelf-life of sweet 
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cherries during storage when combined with chemical treatments (Salunkhe 
and Norton, 1960; Salunkhe and Dhaliwal, 1963) . 
N6 -benzyladenine was used as a senescence-inhibiting agent which 
maintained the greenness of lettuce and extended the shelf-life of 
endive, Brussels sprouts, sprouting broccoli, green beans, sweet 
cher ries, and other vegetables and fruits (Bessey, 1960; Zink, 1961; 
Lipton and Ceponis, 1962; Salunkhe et al . , 1962; and El-Mansy et al . , 
1967) . 
The present investigations were undertaken to evolve commercially 
appl icable measures to prolong the storage l i fe of lettuce by controlled 
atmosphere storage, refr i geration, and mi crobe- and senescence-inhibiting 
chemicals, ei ther alone or in combinat ions . 
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REVIEW OF LITERATURE 
Effect of controlled atmosphere on 
market i ng quality and storage life 
The first scientific investigation on the effect of atmosphere on 
f rui t r ipen i ng was conduct ed by Jacques Etienne Berard (1821) . He 
stated that fru i ts placed in an atmosphere dep ri ved of 02 did not ripen. 
By placing an 02 and C0 2 absorbent (paste of lime, FeS04, and water) and 
f ruit i n a jar, he observed that peaches, prunes, and apr icots could be 
kept from 20 days to l month, and pea rs and apples about 3 months . The 
result may have been due to both low-02 and low-C02 levels--which is now 
known as a low-0 2 atmosphere . 
Fulton (1907) f i rst noted tha t fru i t was damaged in the presence of 
a l arge amoun t of C0 2 i n t he st orage room . Brooks and Cooley (1917) 
i ndi cat ed that in an atmosphere conta i ning 5 percent C0 2 during storage 
for 5 weeks, the apples rema i ned green, f i rm, cri sp, and slightly 
al coho lic . A mo re general study of the storage of apples by Magness 
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and Di ehl (1924) ind i cated that there was a ma r ked relationship between 
C0 2 concentration and the soften i ng of the fruit , An atmosphere contain-
i ng over 5 percent C0 2 resulted in a distinctly slower rate of softening 
than one of normal concentration . 
Li ttlefield (1968) reported that atmospheres consisting of 1. 5 per-
cent C0 2 and 2,5 percent 02 for apples and pears and 10.5 percent C0 2 
and 2,5 percent 02 for cherries had an inhibitory effect on the metabolic 
system and extended shelf- l i fe . Anderson, Parsons, and Smith (1969) 
found that less decay generally occurred in peaches and nectarines stored 
in 5 percent C0 2 than in 0 percent C0 2 at 32 Fo Wankier, Salunkhe, and 
Campbell (1970) noted that firmness, total pectins, titratable acidity, 
total sugar, and tannins changed at a slower rate i n CA-stored apricots 
and peaches than those sto red i n the conventional refrigerated room . 
CA storage of several vegetables has also been conducted . Watada, 
Morris, and Rappaport (1964) reported that lettuce exposed to an 
i ncrease of C02 for 2 to 4 days appeared slightly better than that held 
in air o The cut ends of stems and ribs were white and were free of 
blemi shes and browning . But after removing from the CA and keeping in 
air at 59 F for several days, the symptoms of C0 2 injury became apparent; 
viz , , variable-sized reddish-brown spots along t he mid- ri b, yellow-brown 
sl imy discoloration of the cut stem with rot i n its center, des iccated 
leaves with yellow oily droplets of exudate, and gener al soften i ng of 
the tissue . 
In transit tests of lettuce shipped in refrigerated trail ers or 
mechanically refri gerated trailers with supplemental nitrogen, Stewart 
et al , (1966) found that low-0 2 atmospher e reduced the russet spotti ng, 
but had no effect on the decay , Physiolog ical injury might develop on 
the wrapper leaves of lettuce when the 02 concentration was below l per-
cent for about 42 hou rs . Lipton (1967) also pointed out that russet 
spotting was reduced i n low-02 atmospheres; and butt di scolo rat i on was 
gene rally less intense i n 0, 5 and l percent than in air, regardless of 
temperature . Again, Stewart, Ceponis, and Beraha (1970) observed that 
the i nc idence of pink rib was slightly lower i n lettuce shipped in 
modified vehicles (5 percent 02) than that in the normal atmosphere 
vehicles at 37 F. 
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In the storage of Danish cabbage, Isenbe rg and Sayles (1969) found 
that the best combinations of gas mi xtu re ranged between 2, 5 to 5 per-
cent of 02 and C0 2, with N2 mak i ng up the remainder , These combinations 
reduced weight loss due to respi ration and trimming loss . They also 
reported that the atmosphe res of low-0 2 (2 . 5 to 5 percent) and high C02 
(2 , 5 to 5 percent) cabbage heads retained their green color, succulence, 
and fi nnness . 
Effect of controlled atmosphere on 
chemical composition and biochemical 
processes 
The chemical changes and bi ochemical processes in spinach, broccoli, 
swee t cherri es, strawberries, and other fruits and vegetables dur i ng 
sto rage in air or contro ll ed atmospheres have been studied o McGill, 
Nelson, and Steinberg (1 966) obse rved that the effect on total chloro-
phyll con t ent of spinach cou l d be related to storage atmosphere, t ime, 
or t emperature. Groeschel, Nelson, and Ste i nberg (1 966) repo rted that 
the pres ence of C0 2 in the storage atmosphe re is an important factor 
in preventing chlorophyll degradation of gr een beans at 45 F. Lebermann, 
Nelson, and Steinberg (1968) observed that the chlorophyll retention of 
broccol i was increased by a progressive increase in C0 2 and a decrease 
i n 02 • Wanki er, Salunkhe, and Campbell (1970) noted that higher con-
centration of C0 2 (2.5 to 10 pe rcent) slowed down the de-greening process 
in fruits of apr i cots and peaches . It has also been demonstrated that 
C0 2 suppressed chlorophyll destruct ion in apricot and peach fruits at 
34 F. 
Hil l (1913) observed that the rate of respiration of peaches did 
not retu r n to normal after storage i n C0 2 fo r a few days . McKenzie 
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(1931) noted that as C0 2 was increased in storage, there was a decrease 
in the rate of C0 2 evolut ion in l ettuce , Claypool and Allen (1948) re-
po rt ed that when 02 levels were reduced below the atmospheric air (21 
percent 02) levels, the resp iration rates of apricots, grapes, peaches, 
pears, and plums were reduced dur ing transit periods . Lieberman and 
Hardenbu rg (1954) also noted a reduction in the rate of respiration when 
broccoli was stored at 75 F and at various 02 concentrations, especially 
as 02 concentration was lowered from 20 .9 percent to 0 percent . 
Lebermann, Nelson, and Steinberg (1968) further pointed out that 
the rate of respiration was reduced by the progressive i ncreases in C0 2 
and decreases in 02- Littlefield (1968) r eported an initially lower 
rate of resp irat i on for apples and pears stored in CA at 32 F. Fruit 
r emoved from conventionally-refri gerated storage exhibited a higher 
rate of respiration than that of CA-stored fruit at the beginning of the 
tests, then it increased rapidly for about 8 days . On the other hand, 
the fruit from the controlled atmosphere storage did have an increase 
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i n respiration soon after removal from treatment; however, this increase 
was generally not as accentuated . Karnik et al . (1970) ment i oned that 
sugar beets in CA-storage had a lower rate of respiration than those 
stored in the conventional refrigerator at 35 F. Singh, Littlefield, and 
Salunkhe (1970) found that the rate of C0 2 evolution in CA-stored Lambert 
sweet cherries was lower than that of conventionally-stored fruit at 32 F. 
Ha rris and Von Loeseucke (1960) reported that CA caused an increase 
in tissue protein, retarded sugar loss, increased loss of reduced 
ascorbic acid, and retarded changes in pectic substances in fruits. 
Wankier, Salunkhe, and Campbell (1970) also pointed out that though the 
rate of pectin degradation was affected by both time and treatment in 
storage, the CA-stored apricot and peach fruits retained a higher con-
centration of total pectins than did conventional refrigerator-stored 
fruiL 
Groeschel, Nelson, and Steinberg (1966) found that pH of CA-stored 
green beans increased in 2 weeks, while that of air-stored samples at 
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45 F remained fairly constant . The titratable and total acid anion 
content increased during air storage at 45 F, but decreased slightly in 
CA. Burgheimer et al . (1967) found a marked increase in pH and a 
decrease in the titratable acidity in the CA-stored spinach . Lebermann, 
Nelson, and Steinberg (1968) also found that the pH of broccoli in-
creased progressively with increased concentrations of C0 2 i n the storage 
atmosphere " The 02 level did not affect the pH , An increase in pH was 
paralleled by a decrease in titratable aci dity , In the apr icots and 
peaches, Wankier, Salunkhe, and Campbel 1 (1970) observ ed that the pH 
of stored fruit was not affected by the CA storage at 34 F, The pH and 
titratable acidity were inversely related and titratable acidity 
decreased with 15 to 60 days of storage , 
Ranson (1953) observ ed no major changes in the acid content of 
kalanchoe leaves (12 hours), carrot roots (3 days), and oat coleoptiles 
(1 day) after storage in atmospheres containing less than 10 percent 
C0 2 at 68 F; however, in atmospheres containing between 20 and 90 percent 
C0 2 , succinate and aminobutyrate accumulated, while malate, aspartate, 
and alanine were depleted , Littlefield (1968) found that organic and 
amino acids generally reacted in a similar manner in apples and pears 
and tended to accumulate in CA-stored fruits , Wankier, Salunkhe, and 
Campbell (1970) noted that succinic acid of apr icots and peaches 
accumulated when the concentration of C0 2 was above that of normal 
atmospheric air at 34 F; malic and citric acid progressively decreased 
during the CA storage . Singh, Littlefield, and Salunkhe (1970) found 
that Lambert sweet cherry fruit stored at higher C0 2 concentration (10 . 5 
percent) had a lower amount of tyrosine, higher amounts of a-aminobutyric 
and malic acids than fruits stored in the conventional refrigerator at 
34 F. 
Ranson (1953) and Hulme (1956) found an accumulation of succinate 
in plants stored in atmospheres containing more than 20 percent C02. 
Later, Ranson, Walker, and Clarke (1957) pointed out that the accumula-
tion of succinate was due to succinic oxidase sensitivity to higher 
levels of CQ 2, Frenkel and Patterson (1969) found that the activity of 
succinic dehydrogenase was inhibited if the fruit was kept at C02 con-
centrations above Oo03 percent " 
Effect of chemicals and packag ing 
There are many studies related to the effects of the microbe- and 
senescence-inhibiting chemicals and the packaging materials on the 
fru i ts and vegetables during conventiona l -refrigerator storage , In 
some i nstances, these have been used in combination with CA . 
Bessey (1960) found that lettuce heads treated with N6 -benzyladenine 
(a senescence-inhibiting chemical) were maintained in fresh green con-
diti on considerably longer than unt reated heads . Zink (1961) reported 
that the N6 -benzyladenine acted as a senescence inhibitor and was 
effective in delaying the visual manifestation of senescence in lettuce, 
endive, Brussels sprouts, sprouting broccoli, mustard greens, radish 
tops, parsley, celery, green onions, and asparagus . 
Lipton and Ceponis (1962) reported that head lettuce remained green 
longer than the untreated lettuce when sprayed with 10 ppm 
9 
10 
N6 -benzyladenine . Salunkhe et al. (1962) indicated that application 
of N6 -benzyladenine at concentrations of 5, 10, and 20 ppm resulted in 
no increase in the shelf-life of sweet cherries; however, it increased 
the shelf-life of cauliflower, endive, parsley, snap beans, and lettuce , 
Salunkhe and Norton (1960) reported that Captan and Mycostatin 
(microbe-inhibiting chemicals) had a significant fungicidal effect and 
inhibited the growth of fungi. Do et al . (1966) found that by dip 
treatments with Mycostatin and Captan, over 90 percent of the sweet 
cherries were marketable even after 30 days of storage . 
In a prepackaging treatment, Salunkhe and Norton (1960) and 
Salunkhe et al . (1962) found that the polyethylene bag retarded respir-
ation and transpiration, which might have aided in increasing the shelf-
1 ife of strawberries and cherries and also in retaining the quality o 
Ayres and Denisen (1958) reported that cellulose acetate was considered 
the most promising film for wrapping strawberries and ras pberries , 
EXPERIMENTAL 
Lettuce (Lactuca sativa L, Cultivar 11 Great Lakes 11 ) grown in Ogden, 
Utah, was procured and used for the present work . It was commercially 
harvested and field packed (18 heads pe r carton) from parts of fields 
which appeared uniform . The packed cartons were immediately transferred 
to the mechanicall y-refri gerated trailer and transported to the lab-
oratory for storage experiments . Air-t ight 50-gallon barrels were 
used as the storage containers . Two wire metal screens separated the 
lettuce heads (Figure 1) . Twenty-five heads of lettuce were pl aced in 
each barrel . 
Figure l , The arrangement of lettuce in the storage barrel. 
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Effects of temperature and the various gas 
mixtures of C0 2, 02, and N2 on lettuce 
To determine the best gas combination and temperature for storage 
of lettuce, in the first series of experiments lettuce heads were 
stored at 35 and 70 F in the following controlled atmospheres: 1 per-
cent 02 , l percent C0 2, 98 percent N2; 2.5 percent 02, 2. 5 percent 
C0 2, 95 percent N2; 5 percent 02, 5 percent C0 2, 90 percent N2; and 
5 percent 02, 95 percent N2 . The samples were taken on the twentieth 
and fortieth days of storage for quality evaluation , 
Effects of the microbe- and senescence-
inhibiting chemicals on lettuce 
Since the atmosphere containing 2, 5 percent 02 and 2.5 percent C02 
at 35 F was found to be the best for prolonging the shelf-life of 
lettuce i n subsequent experiments, lettuce was stored only at 35 F with 
2,5 percent 02, 2. 5 percent C0 2 , and 95 percent N2 , Before storage, 
each head was dipped separately for 5 minutes in one of the following 
solutions in water: Captan {N-[(trichloromethylthio)-4-cyclohexene-
l ,2-dicarbonimide]) (l,000 ppm), Phaltan (N-trichloromethylthiophthal-
imide) (1 ,000 ppm), Mycostatin (3-amino-3,6-dideoxy-D-aldohexose) 
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(400 ppm), and N6 -benzyladenine (20 ppm) . In another set of three treat-
ments, N6 -benzyladenine (20 ppm) was used i n combination with Captan 
(1 ,000 ppm), Phaltan (1 ,000 ppm), and Mycostatin (400 ppm) . In each 
treatment, Triton-B 1956 (1 ,000 ppm) was used as a surfactant . The 
control lettuce heads were treated with surfactant and stored at 35 F. 
Quality and certain physiological 
characteristics of lettuce stored in 
controlled atmosphere combined with 
other treatments 
Lettuce heads were treated with Phaltan (1 ,000 ppm) and then stored 
with or without polyethylene packaging at 35 F. In another set, they 
were packaged in polyethylene bags and then stored in the CA . 
Maintenance of controlled atmosphere 
and humidity 
The concentrations of CA were maintained by a continuous flow of 
the appropriate mixtures of 02, C0 2, and N2 dispensed from pressure 
cylinders (Figures 2 and 3) . A bottle of water and wet cheesecloth 
were used at the bottom of a barrel to maintain high relative humidity 
in the container , The time lapse from picking the lettuce heads until 
they were in the controlled environment in the barrels was about 48 
hours , The concentration of gas mixture was checked routinely with a 
11 Fyrite 11 gas analyzer , The atmospheres in the control barrels were 
maintained by a continuous flow of air . 
Selection of sampl es 
The samples were taken from the barrels for quality evaluation on 
the twentieth and fortieth days in the experiments to determine the 
best gaseous combination, chemical, and temperature for the storage of 
lettuce , 
For the quality evaluation and chemical analyses of lettuce stored 
in the controlled atmosphere combined with other treatments, samples 
were taken on the fifteenth, thirtieth, forty-fifth, sixtieth, and 
seventy-fifth days of storage , The sample sizes ranged from four to 
eight heads in each treatment , 
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Figure 2. Controlled atmosphere storage assembly: DIS, distributor; 
FL, flowmeter; MIX, mixer . 
Respiration 
1. The rates of C0 2 evolution of the whole lettuce heads were 
measured according to the method of Claypool and Keefer (1942) " 
2" 02 uptake of the leaf discs was determined using the Gilson 
Respirometer . 
Chlorophyll 
Chlorophyll a and b were determined according to the Association of 
Official Agricultural Chemists (1960). 
Total nitrogen 
1. Total nitrogen was determined by the micro-Kjeldahl method . 
2. The crude protein was estimated by total nitrogen x 6. 25 . 
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35 F 
02 Dis 
1111111 I I 
:: ::::: I Mi~ I-----' 
I II I I Ir-----' 
C02 Dis - ---11--- I lllllr----- Mix 
111111 ---__!----
N2 Dis ::1: :11 :1~ I Mix I ~-..----1111111 11-I ------<-. __ ... _
Cylinder Distributor Flowmeter Mixer Storage barrels 
Figure 3. Controlled atmosphere storage assembly (schematic diagram) . 
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Moisture 
Percent moisture content was measured by using the method of Wittwer 
et a 1. ( 1962) . 
Starch and total sugar 
Starch and total sugar were extracted and measured by the method of 
Mccready et a L ( 1950) . 
Quality scores 
Visual observations for quality were made by a panel consisting of 
6 to 10 persons 15, 30, 45, 60, and 75 days after storage . A subjective 
score rating was used according to the method described by El-Mansy et 
al. (1967) (Table 1) . 
Table 1. Description of numerical quality ratings used to evaluate 
"Great Lakes lettuce 
Numerical 
ratinga 
9 
7 
5 
3 
Descriptive 
rating 
Excellent 
Good 
Fair 
Unsalable 
Unusable 
Visual observations 
Field fresh, bright green appearance, and 
free from defects . 
Minor defects present but not objectionable . 
Green color slightly bleached and dull , 
Good retail sales appeal . 
Outer leaves showing slight yellowing . 
Could be returned to acceptable condition 
with slight trimming . 
Slime and other defects serious; would not 
be eaten . 
Slime and other defects serious; would not 
be eaten . 
a1ntermediate scores used when appropriate . 
RESULTS AND DISCUSSION 
Effects of different concentrations 
of C0 2 and 02 temperatures and 
chemicals on market quality and 
storage life of lettuce 
In this experiment, none of the concentrations of gases were bene-
ficial at 70 F" Lettuce could not be held more than 2 weeks at this 
temperature , The overall appearance was discolored, brown spotting and 
tip burns appeared, and the texture was poor and soft " There was an 
appearance of slime, molds, and other microorganisms after 20 days 
of storage . At 35 F lettuce could hold at least 3 to 4 weeks and 
was st ill fresh and bright green without apparent sign of quality 
deterioration in all four combinations of gases " Others have reported 
similar results (Watada, Morris, and Rappaport, 1964; Lipton, 1967; 
Harvey, 1969). 
When examined at 40 days after storage, 2"5 percent 02 and 2.5 
pe rcent C0 2 proved to be the best combination of gases for prolonging 
the shelf-life of lettuce at 35 F (Figures 4, 5, and 6; Table 2) . At 
this concentration, lettuce heads were field fresh and had a bright 
green appearance with only minor defects even after 7 weeks of storage. 
Lettuce stored in CA tasted sweeter than that stored in the convention-
ally refrigerated storage , After 60 days of CA storage in 2. 5 percent 
02 and 2, 5 percent C02, 95 percent of it was good and salable (Figures 
7, 8, and 9) . 
Watada, Morris, and Rappaport (1964) reported that exposure of 
lettuce to 2. 5 percent 02 and 2.5 percent C0 2 mixture had no harmful or 
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Figure 4. Effects of different combinations of C0 2 and 02 on the visual quality of 
lettuce at 35 F. 
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Figure 5. Effect of controlled atmosphere (2 ,5 percent 02, 2. 5 percent 
C0 2) on the lettuce heads at 35 F after 40 days of storage. 
(1) Control (air), (2) l percent 02 and 1 percent C0 2, (3) 2. 5 percent 02 and 2. 5 percent C0 2. 
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Figure 6, Effect of controlled atmosphere (2 . 5 percent 02, 2, 5 percent 
C02) and other treatments on the lettuce heads at 35 F after 
45 days of storage . (1) Control (air), (2) CA, (3) CA 
combined with Phaltan (1 ,000 ppm) treatment, (4) CA combined 
with Phaltan (1 ,000 ppm) and polyethylene packaging, (5) CA 
combined with polyethylene packaging . 
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Figure 8. Effect of controlled atmosphere (2.5 percent 02 , 2.5 percent 
C0 2) and other treatments on the lettuce heads at 35 F after 
60 days of storage. (1) Control (air), (2) CA, (5) CA 
combined with polyethylene packaging. 
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Fi gure 9. Effect of controlled atmosphere (2.5 percent 02, 2 . 5 percent 
C02) on the lettuce heads at 35 F after 75 days of storage . 
( 1 ) Control (a i r ) , ( 2) CA . 
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Table 2. Effects of different combinat ions of C0 2 and 02 storage on the quality of lettuce at 35 F and 95 
percent RHa 
Days after Cone . of gases Numerical Descriptive 
storage % 02 % C02 rating rating 
20 21 <l 9 Excellent 
5 5 8* Excellent 
5 0 9ns Excellent 
2. 5 2,5 9ns Excellent 
8* Excellent 
40 21 <l 7 Good 
5 5 5** Fair 
5 0 7* Good 
2.5 2.5 8* Excellent 
l 1 5** Fair 
aAnalysis of variance and comparison of means by Tukey'S~w-proceaure " 
*Significantly different from control at 0. 05 level . 
**Significantly different from control at 0. 01 level . 
nsNot significantly different from control , 
Visual observation 
Generally, lettuce stored in 
these atmospheres had a 
fresh, green appearance, 
no defects, except 
lettuce held in 1 :l= 
02:C02 mixture had slight 
yellowing on the tip of 
outer leaves 
Minor defects only, red butt 
Outer leaves having brown 
spotting, red butt 
Minor defects 
Field fresh, bright green 
Red heart leaves, reddish 
midrib, soft in texture 
N 
-""' 
beneficial effect . This could be attributed to the short period (4 to 
8 days) and higher temperature (41 F) of the storage . 
In all combinations, the atmosphere containing lower 02 was more 
beneficial than air in reducing russet spotting in the lettuce . The 
phenomenon had been observed by Parsons, Gates, and Spalding (1964); 
Lipton (1967); and Stewart et al. (1970) . The incidence of pink mid-
rib and butt discoloration appeared to be more serious on the lettuce 
of conventionally-refrigerated storage than that held in CA. Rather 
similar results have been obtained by both Stewart et al . (1970) and 
Lipton (1967), but Lipton (1967) considered that the browning reaction 
associated with the butt discoloration and pink rib resulted from the 
low-0 2 condition . This concurred with the findings of the present 
work that the severity of browning of butt and the pink rib was less 
when the atmosphere was held at 2.5 percent 02 and 2.5 percent C02 than 
at other combinations at 35 F. 
The heart leaves were sensitive to low-0 2 injury in the CA con-
sisting of 1 percent 02 and 1 percent C02(Figure 5) . The browning in 
the heart was observed after 40 days of storage at 35 F. 
Effects of microbe- and senescence-
inhibiting chemicals on lettuce 
25 
As to the effect of chemical treatments (Figure 10, Table 3), the 
Phaltan had a better effect than other chemicals on storage for 40 days. 
No microorganisms were found to be growing at the end of the storage 
in the lettuce treated with the chemicals, by visual observation. 
Bessey (1960) and Zink (1961) found the fresh green condition and de-
laying of senescence after treatment with N6 -benzyladenine (20 ppm) . 
The desirable result of the application of Mycostatin and Captan was 
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Tab1e 3. Effects of chemical treatments on l et tuce stored i n 2. 5 percent 02 and 2. 5 percent C0 2 at 35 F 
and 95 percent RH for 40 daysa 
Treatment Numerical Descriptive 
Chemical Cone. (pp~) rating rating 
Control 8.5 Good 
Cap tan 1 ,000 5. 0** Fair 
Phaltan 1 ,000 7.0* Good 
Mycostatin 400 6.5** Fair 
N6 -BAb 20 5. 0** Fair 
Cap tan 1,000 
+ 5. 0** Fair 
NG-BA 20 
Phaltan 1 ,000 
+ 7. 0* Good 
NG-BA 20 
Mycostatin 400 
+ 5.5** Fair 
N6 -BA 20 
gAnalysis of variance and comparison of means by Tukey 1 s w-procedure . 
NG-benzyladenine . 
*Significantly different from control at 0. 05 level . 
**Significantly different from control at 0. 01 level . 
Visual observation 
Minor defects, red butt 
Slight yellowing on outer leaves 
Minor defects 
Little red spotting, and midrib 
Slight yellowing, red midrib on 
the outer leaves 
Slight red rib and yellowing 
Minor defects 
Slight yellowing, and red rib on 
the wrapper leaves 
"' '-I 
observed by Salunkhe and Norton (1960) on lettuce and by Do et al . 
(1966) on sweet cherr i es . This was in contrast to the poor results 
obtained i n the present work . Li pton and Ceponis (1962) explained that 
the effects of fung icides and senescence retardants were significant 
onl y under unfavorable hold i ng conditions such as long-time storage at 
undes i rably high holding temperatures . 
Under the condi t i ons in wh i ch we conducted our experiments (35 F), 
all chemicals had a sign i ficantly detrimental effect on the shelf-life 
of l ettuce , 
Effect of the controlled atmosphere 
comb i ned with other treatments on 
the rate of resriration and chemical 
composition of ettuce 
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An atmosphere with 2.5 percent 02 and 2. 5 percent C0 2 reduced the 
C0 2 production of lettuce about 15 to 20 percent compared to the control 
(Figure l lA and ll B; Table 4) . There were no effects on the rate of 
respi rat i on of l ettuce treated wi th Phaltan (Figure llB and 110; Table 
3) . The r educti on of C0 2 product i on was in agreement with studies of 
McKe nz i e (1931) on lettuce; Claypool and Allen (1948) on apricots, 
grapes, peaches, pears, and plums; and Lieberman and Hardenburg (1954) 
on broccoli , Si ngh, Littlefield, and Salunkhe (1970) suggested that 
perhaps CA affects the activity of the enzymes concerned with C0 2 evo-
lution i n respiration . Bonner (1950) and Ranson, Walker, and Clarke 
(1957) reported that i ncreased C0 2 concentrations had markedly affected 
the activities of several respiratory enzymes , Frenkel and Patterson 
(1969) also observed that in pears, higher C0 2 concentrations (5 to 20 
percent) inhibited succinic dehydrogenase . In the present study, the 
rate of respiration was in direct correlation with the sugar-retention 
J 
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Figure ll o Effects of controlled atmosphere (CA) (2 .5 percent 02, 2.5 percent C02) in combination 
with other treatments on the rate of respiration and moisture content of lettuce 
stored at 35 F. (A) CA, (B) CA+ Phaltan (1 ,000 ppm), (C) CA+ polyethylene packaging, 
(D) CA+ Phaltan (1,000 ppm)+ polyethylene packaging , 
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data (Table 3; Figures 12A, 128, 12C, and 120) . Lettuce treated with 
Phaltan (1 ,000) had a high rate of respiration in contrast to the high 
loss of sugar. 
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The moisture content and weight of the lettuce during 75 days of 
storage in all treatments (Figures llA, 118, llC, and 110; Table 4) did 
not change significantly, even at the end of the storage. The result 
might be attributed to the very tightly enclosed barrels with relative 
humidity high enough to prevent the loss of the moisture of the lettuce . 
Compared to the controls, chlorophyll retention of the lettuce 
was increased significantly in CA storage (10 percent above the control) 
and CA combined with packaging (Figures l3A and 13C), but decreased 
(15 percent) in lettuce treated with Phaltan (1 ,000 ppm) (Figures 138 
and 130). A similar effect of CA storage on green beans, broccoli, and 
apri cots had been observed by Groeschel, Nelson, and Steinberg (1966); 
and by Wankier, Salunkhe, and Campbell (1970) . Groeschel et al. (1966) 
reported that 5 to 10 percent C0 2 levels in the atmosphere were more 
effective in maintaining chlorophyll than the 0 percent C0 2 level . The 
Phaltan had an adverse effect on the chlorophyll retention , 
CA (Figures 12A and 12C) caused a considerable increase in retention 
of total sugar and starch (5 to 10 percent over the control) . In CA 
combined with packaging, starch and total sugar were reduced gradually 
(Figure 12C; Table 4). The combination of packaging, Phaltan, and CA 
(Figures 128 and 120) showed a negative effect on the retention of total 
sugar and starch. As to the effect of CA on increasing the retention 
of sugar and starch, Harris and Von Loeseucke (1960) also obtained a 
similar result . On the other hand, Wankier, Salunkhe, and Campbell 
(1970) found that the total sugar content of "Elberta" peaches and 
Fi gure 12 . Effects of controlled atmosphere (2 ,5 percent 02, 2. 5 percent C0 2 ) in combination 
with other treatments on total sugar, starch, and crude protein of lettuce stored at 
35 F. (A) CA, (B) CA+ Phaltan (1 ,000 ppm), (C) CA + polyethylene packaging, 
(D) CA + Phaltan (l,000 ppm)+ polyethylene packaging , 
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with other treatments on the chlorophyll a and b of lettuce stored at 35 F. 
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Physiochemical changes in l ettuce during controlled atmosphere storage (2 , 5 percent 02, 2o5 
percent C02) at 35 F in relation to treatmentsa 
Dry Weightb Chlorophyllb C02c 02c Total c c c Total Crude Q 1 . t d Treatment weight change m5/g release uptake starch sugar protein ua ~ Y (%) (%) a Total mg/hr kg mg/hr kg mg/g mg/g g/lOO g rating 
Control 4,9 - 35 . 5 18 . 9 54 . 6 35 .1 176 .1 5. 58 103 . 2 19 . 90 9 
Control 5. 0 - 20.5 12 . 5 33 .3 25 . 5 170 . 0 4.82 100 . 7 21 . 17 9 
CA 4.7 0 20 . 5ns 12 . 9ns 33 . 5ns 21 . 5* 152. 4* 5.1 O* 101 . 9ns 20 .32ns 9ns 
CA + Phe 4.7 0 19. 6ns 12 . 4 ns 31 . 9ns 29 .3* 238. 1 * 4.8lns 94 .1 * 20.13ns 9ns 
CA+Ph+Pkge 4.3 0 20.0ns 12.lns 32 , lns 28 .0* 260 . 7* 4. 55* 92,4* 20 . 92ns 9ns 
CA + Pkg 4.6 0 20.9ns 12 . 9ns 33.9ns 21 . 3* 135.3* 5.06* 103.3ns 21 , 06ns 9ns 
Control 4.9 0 26.2 14. 6 40.8 19.8 135.5 4. 06 103. 3 19.09 9 
CA 4.7 0 17 . 6* 15 . 2ns 42.8ns 15 . O* 104.4* 4.07ns 103 .4ns 19.74ns 9ns 
CA + Ph 4.7 0 23 . l * 12.7ns 35 .8* 23.8* 202.6* 4. l 5ns 92.2* 17.76ns 7* 
24.lns 13 . lns 37.2 * 18.6lns CA+Ph+Pkg 4.5 0 22.6* 186 . 5* 3.79* 92.5* 7* 
CA + Pkg 4.7 0 27.3ns 15.lns 42.4ns 17.0* 118. 7* 4.40* l09.8ns 18.85ns 9ns 
w 
en 
Table 4. Continued 
Dry We i ghtb Chlorophyllb co/ 02c Totalc c c Days Total Crude _ Qualityd 
of Treatment weirt change ms/g release uptake starch sugar protein ratin 
storage (% (%) a Total mg/hr kg mg/hr kg mg/g mg/g g/l 00 g g 
45 Control 4.9 - 28 . 3 16 . 9 45 ,2 34 . 96 171. 4 2.76 69 .66 21 . 93 8 
CA 4, 7 0 30.4ns l7,7ns 48 . lns 30. 19* 152. O* 2. 70ns 69 . 23ns 2l .l 6ns 9* 
CA + Phe 4. 7 0 23 . 7* 14 . 7* 38 . 4* 45 . 45* 275.l* 2. 67ns 61 . 65* 19 . 78ns 5** 
CA+Ph+Pkge 4.7 0 24 . l * 14 . 3* 38.4* 40 , 20* 243.9* 2.75ns 61 . 30* 21 . 71 ns 5** 
CA + Pkg 4.8 0 29 .7ns 17 . 5ns 47 . 2ns 32 .16ns 167.4ns 2.90ns 68 .47ns 21 . 84ns 7* 
60 Control 4.4 - 31. 9 17.7 49 .7 31 . 69 210 .7 2.82 84 .98 19. 34 7 
CA 3.7 0. l 34.5ns 18.8ns 53 .3* 26.95* 183. 0* 2.9lns 87 . 53ns 19 . 57ns 8* 
CA + Pkg 3.3 0.2 34 . 6ns 19.3ns 53 . 9* 27 . 25* 188.2* 2. 81 ns 77. 1 9* 19. 01 ns 5** 
75 Control 4. 2 - 31.2 20.3 51.5 10.65 188. 2 2. 65 77 . 99 21 . 81 5 
CA 3. 4 0.1 33 . 9ns 22 . 2ns 56 .0ns l0.17ns 175. 3ns 2.78ns 84.23ns 22 .3l ns 7** 
gAnalysis of variance and comparison of means by Tukey 1 s w-procedure . 
Results expressed on fresh weight bas i s . 
~Results expressed on dry weight basis . 
8, 9 = excellent; 6, 7 = good; 4, 5 = fair; 2, 3 = unsala~le ; 1 = unusable . 
ePh = Phaltan; Pkg = polyethylene packaging . 
*Significantly different from control at 0.05 level . 
**Significantly different from control at 0. 01 level . w 
nsNot significantly different from control . -...J 
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"Moorpark" apricots were not significantly affected by CA storage; but 
"Large Early Montgamets" were influenced by both time in storage and 
treatment . McGill, Nelson, and Steinberg (1966) found in spinach no 
definite trends in the content of total sugar and starch, nor did 
Littlefield (1968) in cherries, pears, and apples. From these findings, 
i t is evident that the effect of CA on the retention of sugars and 
starch differs according to the cultivar of fruits and vegetables. In 
the present results, the CA reduced the loss of sugar and starch, 
probably due to the lower rate of respiration. 
Changes in crude protein were not significant in the CA (Figures 
12A and 12C; Table 4) . However, the loss of protein of the lettuce 
was significant after treatment of Phaltan dipping (Figures 128 and 
120; Table 4) . Burgheimer et al. (1967) have observed that changes 
i n total nitrogen were minor under CA storage in spinach; but Harris 
and Van Loeseucke (1960) reported that CA caused an increase in protein 
i n apples . 
SUMMARY AND CONCLUSIONS 
The purpose of the two-year experiment was to investigate the 
influence of CA storage and CA storage in combination with microbe- and 
senescence- i nhibiting chemicals and packaging on lettuce in order to 
evolve a commercially applicable measure to prolong the storage-life 
of lettuce . 
A summary of the findings is as follows: 
1. Lettuce heads (Cultivar 11 Great Lakes 11 ) could be stored at 35 F 
fo r at l east 2 to 3 weeks . At this temperature, lettuce heads were 
sti ll field fresh and bright green without apparent sign of quality 
deteri orat i on . At 70 F, none of the concentrations of 02 and C0 2 could 
pro long the shelf-life of the lettuce more than 1 week , 
2. When lettuce heads were stored at 35 F for 60 days, best market 
qu al i ty was ma i nta i ned in an atmosphere of 2. 5 percent 02 and 2. 5 
percen t C0 2. 
3. The reduction in russet spotting was the major benefit in CA 
storage . In addition, the incidence of pink rib and butt discoloration 
was l ess than that of lettuce heads held in a conventional refrigerator 
at 35 F. The hearts were sensitive to low-0 2 injury in CA consisting 
of percent 02 and 1 percent C02 . 
4. CA (2 . 5 percent 02 and 2. 5 percent C0 2) and CA combined with 
po lyethylene packaging reduced the C0 2 production, degradation of 
chlorophyll, loss of total sugar, starch, and crude protein . However, 
lettuce treated with a fungicide--Phaltan (1 ,000 ppm)--or combined with 
packaging under CA storage showed an adverse effect compared to the 
39 
control " The rate of respiration was in direct correlation with the 
sugar retention data . 
5. Pre-storage treatments with microbe- and senescence-inhibiting 
chemicals (Captan, 1 ,000 ppm; Phaltan, 1 ,000 ppm; Mycostatin, 400 ppm; 
and N6 -benzyladenine, 20 ppm) had detrimental effects on the controlled 
atmosphere storage of lettuce at 35 F. 
40 
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